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Abstract
Background: Insulin-stimulated muscle blood flow facilitates plasma glucose disposal after a meal, a mechanism
that is impaired in obese, insulin-resistant volunteers. Nitrate- or flavonoid-rich products, through their proposed
effects on nitric oxide, may improve postprandial blood flow and, subsequently, glucose disposal. To investigate
whether a single dose of nitrate-rich beetroot juice or flavonoid-rich black tea lowers postprandial muscle vascular
resistance in obese volunteers and alters postprandial glucose or insulin concentrations.
Method: In a randomised, controlled, cross-over study, 16 obese, insulin-resistant males consumed 75 g glucose,
which was combined with 100 ml black tea, beetroot juice or control (water). Peripheral vascular resistance (VR),
calculated as mean arterial pressure divided by blood flow, was assessed in the arm and leg conduit arteries,
resistance arteries and muscle microcirculation across 3 h (every 30-min) after the oral glucose load.
Results: During control, we found no postprandial response in VR in conduit, resistance and microvessels
(all P > 0.05). Black tea decreased VR compared to control in conduit, resistance and microvessels (all P < 0.05).
Beetroot juice decreased postprandial VR in resistance vessels, but not in conduit artery and microvessels.
Although postprandial glucose response was similar after all interventions, postprandial insulin response was
attenuated by ~29 % after tea (P < 0.0005), but not beetroot juice.
Conclusions: A single dose of black tea decreased peripheral VR across upper and lower limbs after a glucose load
which was accompanied by a lower insulin response. Future studies in insulin-resistant subjects are warranted to
confirm the observed effects and to explore whether long-term regular tea consumption affects glucose homeostasis.
Trial registration: The study was registered at clinicaltrials.gov on 30th November 2012 (NCT01746329).
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Background
Impaired glucose homeostasis is strongly related to the
development or progression of diabetes mellitus type 2.
After a meal, type 2 diabetes mellitus patients are ex-
posed to prolonged elevated concentrations of blood
glucose [1]. Skeletal muscle is the principal tissue re-
sponsible for insulin-stimulated glucose disposal and
therefore significantly contributes to the postprandial
regulation of glucose concentrations [2]. The effects of
insulin to regulate glucose concentrations are, at least
partly, related to reduced microvascular resistance and
microvascular recruitment [3]. Indeed, healthy individ-
uals demonstrate an increase in skeletal muscle blood
flow after intravenous glucose and oral glucose load or a
carbohydrate-rich meal [4]. However, insulin-stimulated
vasodilation and glucose uptake are impaired in a step-
wise manner in obese individuals and obese type 2 dia-
betic individuals [4]. Studies suggest that the skeletal
blood flow response is blunted to glucose or a
carbohydrate-rich meal in obese individuals [4, 5]. These
observations highlight the potential clinical relevance of
enhancing blood flow and thereby contributing to glu-
cose homeostasis.
Previous studies have provided evidence that endo-
thelial dysfunction is related to impaired postprandial
blood flow and glucose responses as well as lower in-
sulin sensitivity [6]. Consumption of tea is associated
with lower cardiovascular events [7], possibly through
the well-established improvement of vascular endothe-
lial function [8]. A possible underlying mechanism
could be the improved bioactivity of the endothelium-
derived vasodilator nitric oxide (NO) [9]. Interest-
ingly, a previous study found black tea to protect
against the occurrence of the postprandial transient
decline in endothelial function and rise in blood pres-
sure (BP) [10]. Based on these direct effects of tea on
endothelial function, we hypothesized that tea im-
proves the postprandial blood flow and glucose
homeostasis in obese insulin-resistant volunteers.
Another source of NO is beetroot juice which is
rich in nitrate that can be transformed in the body to
NO [11]. Indeed, recent nutritional studies have dem-
onstrated that food products high in nitrate may im-
prove vascular function. In a recent study, a single
dose of oral inorganic nitrate (8 mmol KNO3) low-
ered BP (-5 mmHg) and arterial stiffness [12]. More-
over, a single dose of beetroot juice attenuated the
postprandial impairment of FMD following a stan-
dardized mixed meal in healthy overweight and
slightly obese men, which may be related to the sug-
gested increase in plasma NO concentrations [13].
Therefore, beetroot juice may also improve postpran-
dial muscle perfusion and, subsequently, glucose
homeostasis in obese, insulin-resistant volunteers.
The aim of the present study was to examine the im-
pact of a single dose of flavonoid-rich tea and nitrate-
rich beetroot juice, i.e. two potential dietary “sources” of
NO, on postprandial skeletal muscle blood flow and glu-
cose homeostasis in obese, insulin-resistant volunteers.
For this purpose, we investigated the effect of an oral
glucose challenge on leg and forearm blood flow (at con-
duit, resistance and microvessel level) and glucose me-
tabolism, when consumed with either tea, beetroot juice
or control. Based on earlier work, we expected that the
blunted postprandial vasodilation in obese, insulin-
resistant individuals [4, 5] can be improved by tea and
beetroot juice. Moreover, due to the improved postpran-
dial blood flow responses, we expected improved post-
prandial glucose homeostasis after tea or beetroot juice
intake.
Methods
This study was conducted from December 2012 until
April 2013 at the Radboud University Medical Center,
Nijmegen, the Netherlands, in accordance with the
guidelines laid down in the Declaration of Helsinki (ver-
sion: 2008) and the Medical Research Involving Human
Individuals Act and other guidelines and regulations. All
procedures involving human volunteers were approved
by the Medical Ethics Committee of Arnhem-Nijmegen,
The Netherlands. Written informed consent was
obtained from all volunteers prior to participation.
Registration no. NCT01746329.
Volunteers
Sixteen obese, insulin-resistant men were recruited by an
advertorial in the local newspaper and on local radio.
Volunteers free of diabetes mellitus and/or presence of
established cardiovascular disease were eligible. Obesity
was defined as a BMI ≥30 kg/m2. Insulin resistance was de-
termined by fasting glucose concentrations (>6.1 mmol/l).
After submission to the Ethics Committee the proto-
col was amended by adapting the definition for obes-
ity (BMI ≥30 kg/m2 and/or a waist-to-hip ratio of
≥1.00) and for insulin resistance (fasting glucose con-
centration >5.55 mmol/l) according to recent guide-
lines [14, 15]. The amendment came into effect after
approval by the Ethics Committee. In total, 48 volun-
teers participated in the screening procedure and 18
volunteers met the inclusion criteria. The main rea-
sons for exclusion were insufficient high fasting glu-
cose concentrations (<5.55 mmol/l) and not being
classified as obese. Volunteers treated with drugs that
may interfere with the study measurements (e.g.
medication affecting BP or glucose metabolism), those
who reported alcohol consumption >28 units/week,
smokers, and those not willing to comply with the
study protocol were excluded.
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Experimental design
The study was conducted using a single-blind, con-
trolled, randomized, cross-over study design. Data
collectors, outcome adjudicators, and data analysts
were blinded while participants could not be blinded
due to the nature of the test products. Volunteers re-
ported trice to the test facility after an overnight fast.
After 20-min rest in the supine position, brachial and
femoral artery blood flow (echo-Doppler), forearm
and leg resistance artery blood flow (venous occlusion
plethysmography) and forearm microvascular perfu-
sion (near infra-red spectroscopy) were regularly
assessed. After baseline measurements, volunteers
randomly received either a single dose of 100 ml tea,
beetroot juice or control (hot water), all containing
75 g glucose. Based on the cross-over design of our
study with three different interventions, there were
six different possibilities regarding the order of inter-
ventions. Volunteers were randomly allocated by an
independent statistician into six treatment allocations
(Williams design, balanced for first order carryover
effects). Subsequently, all measurements were repeated
(every 30-min) across a three hour period. Blood was
taken every 30 min for post-hoc analysis of glucose and
insulin. Between the subsequent testing days, a wash-out
period of two to seven (on average four) days was
provided.
Intervention
The two active test products were the flavonoid-rich
fraction of black tea solids (Lipton Yellow Label tea;
Unilever R&D, Vlaardingen, the Netherlands) and a
commercially available beetroot juice (Beet-It, James
White Drinks Ltd., Ipswich, UK). As the active test prod-
ucts were too different in nature to design a proper pla-
cebo product, 100 ml water was used as control to
match volume. The tea dose was equal to the same
amount of flavonoids found in two cups of black tea
(Table 1). The beetroot juice provided 300 mg nitrate.
Tea and control were given with 75 g anhydrous glucose
(Spruyt Hillen B.V., IJsselstein, the Netherlands) which
mimics the blood glucose responses during a meal. As
the Beet-It beetroot juice contained 13 g of glucose in
the form of free glucose and sucrose, 62 g of anhydrous
glucose and 30 ml of water were added to a standard
portion of 70 ml beetroot juice.
Measurements
Volunteers were asked to refrain from spicy meals,
nitrate-rich food (i.e. green leafy vegetables or cured
meats), tea, alcohol, mouthwash and strenuous exer-
cise for at least 24 h before the measurements. The
baseline measurements were performed after a fasting
period of at least six hours. During this period
volunteers were allowed to drink water ad libitum.
The measurements were conducted in a temperature-
controlled room (22–24 °C) with volunteers in supine
position.
Glucose homeostasis
Venous blood samples were taken to examine blood glu-
cose and insulin. The homeostasis model assessment
(HOMA-IR) was used to examine the degree of insulin
resistance, according to: HOMA-IR = [insulin (mU/l) X
glucose (mmol/l)]/22.5.
Conduit artery blood flow (brachial and femoral artery)
Conduit artery blood flow was determined by echo-
Doppler as described previously [16]. In short, a 10-MHz
multifrequency linear array probe attached to a high-
resolution ultrasound machine (T3000, Terason, Burling-
ton, MA, U.S.A.) was used to image the arteries. Ultra-
sound parameters were set to optimize longitudinal, B-
mode images of the lumen/arterial wall interface. Con-
tinuous Doppler velocity assessment was obtained (inso-
nation angle always <60°), which did not vary during the
study. For assessment of the brachial artery, volunteers
Table 1 Product composition of the flavonoid-rich black tea
extract and of beetroot juice
Compounds Flavonoid-rich
black tea extract
Beetroot juice
Beet-It
Protein (g) 0.01 2.5
Carbohydrates (g) 0.03 16
Fat (g) ND <0.1
Fibre (g) ND <0.5
Sodium (mg) ND <100
Nitrate (mg) ND 300
Total Polyphenol (Folin Ciocalteu) (mg) 228.1 68.4
consisting of: (-)-Epicatechin (mg) 2.3
(-)-Epigallocatechin (mg) 1.1
(-)-Epigallocatechin gallate (mg) 6.2
(-)-Epicatechin gallate (mg) 5.0
Theaflavins (mg) 2.3
Gallic acid (mg) 3.9
Flavonol-glycosides (mg) 2.3
Thearubiginsa (mg) 161.9
Caffeine (mg) 37.1 ND
Product composition is provided per serving, i.e. 442 mg black tea solids and
70 ml beetroot juice, respectively. The composition of Beet-it beetroot juice
was provided by James White Drinks Ltd. (Ipswich, UK). Total polyphenol
content of tea was determined by Folin Ciocalteu and the content of specific
flavonoids by reversed phase HPLC with a Luna Phenyl hexyl column (4.6x250
mm, 5 μm) and a Phenyl propyl guard column (Phenomenex)
aThearubigins were assumed to represent the total polyphenol fraction
substracted by catechins, theaflavins, flavonol-glycosides and organic acids
(i.e. gallic acid, theogallin and chlorogenic acid)
ND, not determined
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were positioned supine with the right arm extended and
immobilized with foam, supported at an angle of approxi-
mately 80° from the torso. The brachial artery was
scanned 2–5 cm above the antecubital fossa. For the
superficial femoral artery, volunteers were positioned su-
pine with the lower leg slightly elevated and supported on
a ~15 cm thick foam. The superficial femoral artery was
scanned in the proximal third of the thigh, at least 5 cm
distal from the bifurcation.
Resistance artery blood flow (forearm and leg)
Resistance artery blood flow was assessed using venous
occlusion plethysmography (VOP). VOP measures the
change in (arm or leg) muscle circumference using a
mercury-in-silastic strain gauge during temporarily
blockage of venous outflow [17]. The left arm was posi-
tioned approximately 5 cm above the level of the heart.
A standard BP cuff (10 cm width) was placed around the
left upper arm and attached to a rapid cuff inflator
(Hokanson, Bellevue, WA, U.S.A.). A mercury-in-silastic
strain gauge (Hokanson) was placed at the widest girth
of the forearm. The perpendicular distance to the elbow
crease was recorded and carefully controlled throughout
the experiment. One minute before and during the
measurement, the hand circulation was excluded by in-
flating a cuff (8 cm width) around the wrist to a pressure
of 220 mmHg to minimize the contribution of hand skin
blood flow. To assess thigh blood flow, a 12 cm width
cuff was placed proximally around the left upper leg.
The leg was elevated with lower leg resting on a platform
15 cm high. Strain gauge was placed at mid-thigh, ≥10 cm
above the patella and > 4 cm below the cuff to avoid
displacement of the strain gauge during cuff inflation. For
assessment of forearm and thigh resistance artery blood
flow, we repeatedly inflated the BP cuffs to 50 mmHg for
eight cardiac cycles, followed by deflation for nine cardiac
cycles, across a timeframe of five minutes.
Microcirculation (forearm)
Near-infrared spectroscopy (NIRS) was used to specific-
ally measure local microvascular muscle blood flow by
assessing regional concentration changes in oxyhaemoglo-
bin (O2Hb) and desoxyhaemoglobin (HHb), using a con-
tinuous wave near-infrared spectrophotometer (OXYMON,
Artinis Medical Systems, the Netherlands). Briefly, NIRS is
based on the relative transparency of tissue for light in the
near infrared region and on the O2-dependent absorption
changes of haemoglobin and myoglobin. The absorption
changes measured directly by the NIRS instrument are con-
verted into estimates of concentration changes of O2Hb
and HHb by using a modified Lambert-Beer law described
in details by Livera et al. [18]. To correct for the light scat-
tering inside the tissue, a differential path length factor of
4.0 was used. The sum of O2Hb and HHb reflects changes
in blood volume, represented by the total hemoglobin sig-
nal (tHb). NIRS measurements in the forearm were
obtained by positioning the optodes on the extensor
carpi radialis brevis muscles of the forearm at a pene-
tration depth of 15–20 mm. The local muscle blood
flow was determined by inflating a blood pressure
cuff, positioned proximally around the upper arm to
50 mmHg. Blood flow was then measured by analyz-
ing the increase of the slope of tHb, which is the
sum of the O2Hb and HHb (in arbitrary units) [19].
Blood pressure
First, BP was measured twice at the left brachial artery
using the standard auscultatory method with the volun-
teers in the supine position after a resting period of at
least 10 min. Furthermore, arterial BP was measured
continuously by a portable BP device (Nexfin; BMEYE
B.V., Amsterdam, The Netherlands) connected to the
middle phalanx of the index or middle finger of the left
hand. Systemic vascular resistance (VR) and cardiac out-
put (CO) were derived from the Nexfin finger volume-
clamp method [20]. Continuous BP measurements were
used to calculate local VR, which corrects muscle blood
flow for BP fluctuations.
Statistics
Because of the novelty of the study, the effect size of the
interventions could not be estimated or calculated.
Therefore we based the number of volunteers in the
present explorative study on the sample size of earlier
vascular studies [10, 21]. We adopted a Mixed Model
Repeated measures ANCOVA with volunteers as the
random factor to examine whether postprandial changes
in blood flow and glucose homeostasis (i.e. fixed factor
‘time’) differed between the 3 interventions (fixed factor
‘intervention’). We included baseline values, age, BMI,
waist-to-hip ratio, MAP and AUC insulin response (con-
trol) as covariates. Also the interaction time*intervention
and baseline*intervention were included in the model.
Each analysis started using the complete model. The
model was then reduced by removal of non-significant
factors, starting with non-significant interactions and
then non-significant covariates. This process was guided
by the AIC criterion (Akaike’s Information Criterion),
the final model was the model with a minimum AIC.
The covariates which contributed significantly to the
model were baseline and BMI. The distribution of the
residuals was found to have a positive skew for all meas-
urement parameters. To comply with the Normality as-
sumption of the ANCOVA method the natural
logarithm of the parameter has been used in the analysis.
Values reported are means ± SD per time point (tables),
or back transformed Least-Squares Means (LSMeans)
over all time points (text and tables), p-values were
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calculated for the differences in LSMeans compared to
control. A p-value of less than 0.05 was considered
significant. Descriptive statistics (table) are presented as
median and Q1, Q3. Multiple testing was taken into
account using the Tukey-Kramer method.
Results
Sixteen male volunteers were included (Table 2). A data-
check was performed before deblinding with predefined
exclusion criteria: (i) data-points that were ≥2xSD off the
individuals’ mean data; (ii) a data point if <1 min of data
was recorded (technical error); (iii) measurements with
missing data (technical error). Following completion of all
measurements and data check, the randomisation order
was revealed and the data was saved as the final data-set.
We excluded glucose and insulin data for one measure-
ment, echo-Doppler data for three measurements and
NIRS data for six measurements out of 48 measurements.
Blood flow
Under control conditions, we observed in obese, insulin-
resistant men no change in VR as assessed by blood flow
corrected for BP after the glucose load independent of
the vascular bed (Fig. 1a–e; Additional file 1: Table S1).
Tea consumption reduced VR of conduit arteries (arm;
P = 0.008 and leg; P = 0.033, Fig. 1a&b; Table 3), leg
resistance vessels (P = 0.041, Fig. 1d; Table 3) and micro-
vessels (arm, P = 0.002; Fig. 1e; Table 3), whilst arm re-
sistance vessel did not change (P > 0.24, Fig. 1c; Table 3).
The effect of beetroot juice was not consistent. The VR
of resistance vessels was lowered after beetroot juice in-
gestion (arm, P = 0.0011 and leg, P < 0.0001; Fig. 1c&d;
Table 3). However, beetroot juice did not reduce VR of
conduit arteries (leg, P = 0.07; Fig. 1b, or arm, P = 0.60;
Fig. 1a; Table 3) or microvessels (P = 0.41; Fig. 1e; Table 3).
Systemic vascular resistance and cardiac output
Neither SVR nor CO was significantly affected by tea
(SVR: 744.6 mmHg l−1 min−1; CO: 11.1 l/min) or beet-
root juice (SVR: 741.2 mmHg l−1 min−1; CO: 11.2 l/min)
compared to control (SVR: 759.5 mmHg l−1 min−1; CO:
10.8 l/min). SVR was not significantly associated with
either local leg or arm VR (data not shown).
Glucose homeostasis
Postprandial glucose showed a rapid increase, with
plasma concentration doubled and reaching a maximum
around 90 min after the glucose load. Although the glu-
cose concentration gradually declined, it remained ele-
vated for at least three hours (Fig. 2a). Tea or beetroot
juice did not alter the postprandial changes in glucose
plasma concentrations (P = 0.44 and P = 0.50; Fig. 2a).
Plasma insulin concentrations demonstrated an in-
crease immediately after the glucose load with maximal
values that peaked around 120 min, followed by a rapid
decline (Fig. 2b). Tea ingestion resulted in a blunted
postprandial increase in insulin, leading to a 29 % lower
insulin area-under-the-curve of concentration versus
time between 0 and 180 min compared to control (P <
0.0005; Fig. 2b). Beetroot juice had no significant impact
on plasma insulin concentration after the glucose load
(P = 0.48; Fig. 2b).
Discussion
The present study provides a number of important ob-
servations. First, our study confirms previous observa-
tions that obese, insulin-resistant men demonstrate no
change in VR response to a glucose load, which mark-
edly contrasts the vasodilation typically observed in
healthy individuals [4, 5]. Secondly, we found that tea re-
sulted in a postprandial decrease in VR in conduit arter-
ies, leg resistance vessels and microvessels, whereas
beetroot juice led to a decrease in VR at the resistance
vessels level only. Third, although postprandial glucose
concentrations demonstrated a comparable, time-
dependent change between all three interventions, tea
ingestion was associated with a blunted postprandial in-
crease in insulin. Taken together, these data suggest that
single intake of tea results in an immediate improvement
in postprandial blood flow and insulin sensitivity in re-
sponse to a glucose load in obese, insulin-resistant men.
A potential explanation for the impact of tea on post-
prandial blood flow relates to the impact of tea on endo-
thelial function. Several studies have established the
benefit of tea on large vessel endothelial function [8].
Furthermore, consumption of tea protects against oral
fat load-induced endothelial dysfunction in hypertensive
volunteers [10]. These effects may relate to the presence
of flavonoids in tea since ingestion of other flavonoid-
rich food products (e.g. cocoa, red wine or berries) can
Table 2 Overview of the participant characteristics at baseline
Variable Median (Q1; Q3)
n 16
Age (years) 61 (56; 63)
Height (cm) 179 (175; 182)
Weight (kg) 106 (96; 111)
BMI (kg/m2) 32 (31; 34)
Waist circumference (cm) 112 (108; 115)
Waist-to-hip-ratio 1.03 (1.02; 1.05)
Cholesterol (mmol/l) 5.25 (4.49; 5.64)
Triacylglycerol (mmol/l) 1.96 (1.66; 2.55)
HDL (mmol/l) 1.19 (0.96; 1.42)
LDL (mmol/l) 3.4 (2.87; 4.08)
Screening glucose (mmol/l) 5.89 (5.76; 6.38)
BMI, body mass index
Values are median (Q1, Q3)
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improve endothelial function too. To support further
evidence for a direct effect of tea on the vasculature,
previous studies have provided evidence that consump-
tion of green tea increased the blood flow in resistance
vessels [22, 23] and microvessels [24]. Thus, tea en-
hances postprandial blood flow responses, possibly by
improving endothelial function.
Tea also affected postprandial concentrations of insu-
lin. This effect contrasts with findings in other studies
that examined the impact of tea on postprandial glucose
homeostasis, which may relate to differences in method-
ology (e.g. study population, tea-extract vs tea fraction,
meal vs glucose) [25, 26]. The 29 % attenuation of the
post-prandial insulin peak in the tea intervention may be
related to the effects on postprandial blood flow. Results
from clinical and experimental studies indicate that insu-
lin stimulates the production of NO and thereby induces
capillary recruitment and increases blood flow to the
skeletal muscle, which contributes to glucose disposal
[6]. Possibly, the postprandial increase in blood flow
after tea ingestion required lower insulin concentrations
for glucose uptake. At least in the fasted state, plasma
insulin concentration and insulin resistance were signifi-
cantly reduced without changes in fasting plasma glu-
cose concentrations after 4 weeks of daily consumption
of 100 mg (-)-epicatechin, with tea being the major diet-
ary source of this flavonoid [27]. Despite changes in in-
sulin, we found no impact of tea on post-prandial
glucose levels. Plasma glucose concentration is deter-
mined by the balance of glucose entering the circulation
a b
c
e
d
Fig. 1 Effects of tea, beetroot juice and control on VR. VR was assessed by blood flow corrected for BP of conduit arteries at (a) arm and (b) leg,
of resistance vessels at (c) arm and (d) leg and of microvessels (e) at the arm. Measurements were taken before and every 30-min (for 3-h)
after 75-gr glucose intake in obese, insulin-resistant men (n = 16). Data are presented as mean ± SEM. * significant at P < 0.05; ** significant at
P < 0.01; *** significant at P < 0.001 as compared to the mean over time of control treatment
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(mediated by glucose absorption in the intestinal lumen,
glycogenolysis, and gluconeogenesis) and glucose dis-
posal [28]. Possibly, an immediate increase in glucose
disposal via reduced VR and improved insulin sensitivity
is counterbalanced by an increased release of glucose in
the circulation through glycogenolysis and/or gluconeo-
genesis. Whether repeated exposure to such changes can
alter glucose metabolism is currently unknown and
should be subject for future research. At least, our ob-
servation suggests that flavonoid-rich tea ingestion may
acutely affect insulin-sensitivity, possibly mediated via
changes in postprandial blood flow.
Beetroot is particular rich in nitrate [29], which is an
important source of NO [30], and therefore may affect
Table 3 Effects of interventions on VR of conduit arteries (echo-Doppler), resistance (VOP) and microvessels (NIRS)
Variable/treatment Time (minutes)
−20 +30 +60 +90 +120 +150 +180 LSMeans P-values
BA VR (echo-Doppler), mmHg ∙ min/ml
Control 117 ± 59 127 ± 70 109 ± 49 119 ± 50 120 ± 52 116 ± 56 125 ± 52 100
Beetroot juice 103 ± 57 89 ± 56 104 ± 66 137 ± 122 109 ± 57 123 ± 114 111 ± 61 98 ns
Black tea 98 ± 41 103 ± 58 88 ± 38 98 ± 44 92 ± 47 94 ± 56 106 ± 52 88 0.008
SFA VR (echo-Doppler), mmHg ∙ min/ml
Control 61 ± 28 53 ± 31 58 ± 39 73 ± 69 61 ± 34 61 ± 55 74 ± 65 54
Beetroot juice 87 ± 67 55 ± 22 49 ± 20 65 ± 56 48 ± 23 63 ± 49 90 ± 105 46 ns
Black tea 63 ± 69 60 ± 58 55 ± 55 51 ± 45 48 ± 32 107 ± 219 42 ± 17 46 0.033
Arm VR (VOP), mmHg ∙ min ∙ 100 ml tissue/ml
Control 54 ± 22 60 ± 27 61 ± 36 62 ± 43 56 ± 28 54 ± 28 56 ± 31 50
Beetroot juice 49 ± 23 53 ± 33 49 ± 20 44 ± 16 46 ± 20 47 ± 18 43 ± 23 44 0.020
Black tea 52 ± 17 55 ± 26 53 ± 22 53 ± 23 51 ± 18 52 ± 22 49 ± 18 48 ns
Leg VR (VOP), mmHg ∙ min ∙ 100ml tissue/ml
Control 44 ± 27 45 ± 20 45 ± 27 45 ± 31 44 ± 31 44 ± 25 44 ± 31 40
Beetroot juice 44 ± 23 42 ± 26 41 ± 27 41 ± 27 44 ± 33 41 ± 30 41 ± 30 35 <0.0001
Black tea 43 ± 19 43 ± 25 42 ± 25 43 ± 29 45 ± 36 43 ± 28 43 ± 22 38 0.041
Arm VR (NIRS), A.U.
Control 129 ± 108 111 ± 66 132 ± 78 122 ± 49 155 ± 167 118 ± 92 124 ± 124 112
Beetroot juice 152 ± 147 125 ± 89 121 ± 91 145 ± 125 170 ± 156 128 ± 101 118 ± 105 105 Ns
Black tea 201 ± 150 149 ± 142 125 ± 77 108 ± 53 133 ± 85 112 ± 69 117 ± 51 84 0.002
Values are means ± SD per time point or LSMeans over all time points, i.e. before (-20) and after 75 g glucose (at 30-min intervals for 3-h); P-values were calculated
for the differences in LSMeans compared to control. BA brachial artery; ns: not significant, SFA superficial femoral artery, VR vascular resistance
a b
Fig. 2 Effects of tea, beetroot juice and control on (a) plasma glucose and (b) insulin concentration. Measurements were taken before
and every 30-min (for 3-h) after 75-gr glucose intake in obese, insulin-resistant men (n = 16). Data are presented as mean ± SEM. *** significant at
P < 0.001 as compared to the mean over time of control treatment
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the vasculature [31]. Since previous work found beetroot
juice to attenuate the postprandial impairment of FMD
[13], we expected beetroot juice to improve postprandial
blood flow responses. Indeed, postprandial forearm and
leg resistance artery blood flow was improved after beet-
root juice ingestion. However, this was not accompanied
by changes in conduit or microvessel blood flow, whilst
we also found no effect on postprandial glucose or
insulin concentrations. This inconsistency of the im-
pact of beetroot juice on the different vascular beds
may be caused by the difference in mechanisms in-
volved in the vascular reactivity of macro- and micro-
vasculature [32, 33]. The vasomotor responses to
neural, metabolic and physical factors vary between
vessels in different vascular beds and even along the
same bed, particularly as vessels become smaller and
the relative contribution of NO to vasodilation dimin-
ishes [33]. Of note, our findings are in line with pre-
vious studies in individuals with diabetes mellitus
type 2 failing to show effects of beetroot juice supple-
mentation on macrovascular or microvascular endo-
thelial function, BP or insulin sensitivity [34–36]. The
lack of effect may relate to the increased oxidative
stress commonly seen in individuals with impaired
glucose metabolism, resulting in a higher scavenging,
and thus less bioactivity, of NO that is formed follow-
ing nitrate supplementation [36].
In agreement with our findings, others did not detect an
effect of inorganic nitrate on insulin or glucose after an oral
glucose test or during an euglycemic clamp [37]. In con-
trast, Wootton-Beard et al. showed that beetroot juice low-
ered insulin and preserved glucose concentrations after a
50-gr carbohydrate meal [38]. A possible explanation for
these findings may relate to the polyphenol, including flavo-
noids, content of the intervention products. The beetroot
juice used in the study of Wootton-Beard et al. contained
326.3 mg polyphenols per serving [39], whilst beetroot juice
and tea of the present study contained 68.4 and 228.1 mg
polyphenols per serving, respectively. Possibly, larger
amounts of polyphenols may relate to changes in postpran-
dial blood flow and/or glucose homeostasis.
Clinical relevance
Epidemiological data suggests that tea ingestion is asso-
ciated with lower risk of diabetes mellitus type 2 [40]. A
recent systematic review and dose-response meta-
analysis of prospective cohort studies found a significant,
inverse association between tea consumption and risk of
developing diabetes mellitus type 2, with increased con-
sumption of two cups of tea/day associated with a 4.6 %
reduced risk of diabetes mellitus type 2 [41]. Our study
provides the first potential insight in possible mecha-
nisms by which tea may affect postprandial insulin sensi-
tivity and, therefore, development and progression of
diabetes mellitus type 2. Additional studies, preferably
adopting randomized controlled clinical studies, on tea
ingestion and glucose homeostasis are required to fur-
ther explore the potential impact of tea ingestion.
Limitations
The current study has several strengths that give support
to the conclusions, such as the within-volunteer design,
inclusion of a tightly controlled population with im-
paired insulin resistance, and parallel measurements in
different vascular beds in upper and lower limbs. How-
ever, due to the explorative character of the study, the
study population was rather small. Both test products
were too different in taste and color to design a single
real placebo product and we used water as control.
Therefore, the study was performed in a single-blinded
way, with volunteers being aware of the test product
identity.
Conclusion
We observed that obese, insulin-resistant men demon-
strate no change in postprandial blood flow, whilst post-
prandial plasma glucose and insulin concentrations
increased significantly. Flavonoid-rich tea significantly
decreased peripheral VR across upper and lower limb
vascular beds, whereas insulin plasma concentrations
were reduced without affecting plasma glucose. Beetroot
juice showed less consistent effects on VR and no effect
on glucose homeostasis. Taken together, flavonoid-rich
tea may affect insulin sensitivity, possibly related to im-
provements in postprandial peripheral VR. Future stud-
ies should further explore the potential long-term
clinical benefits of increasing the intake of flavonoid-rich
tea on glucose homeostasis.
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